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The synthesis of miktoarm star (l-star) polymers by the methodologies based on living
anionic polymerization is reviewed, with a particular focus on precisely controlled archi-
tectures of the synthesized l-star polymers, such as molecular weight, molecular weight
distribution, arm number, and composition. Among these methodologies, a novel and ver-
satile stepwise ‘‘iterative methodology’’ recently developed by us is mainly introduced in
this article. The iterative methodology is designed in a way that the same reaction site is
regenerated after the arm introduction in each reaction sequence and this sequence is
repeatable. The development of this methodology allows successive and, in principle, lim-
itless introduction of arm segment into l-star polymers. Consequently, a variety of new
and synthetically very difﬁcult multi-armed and multi-component l-star polymers with
well-deﬁned architectures have been synthesized. They were composed of polyisoprene,
poly(styrene)s, poly(2-vinylpyridine), poly(methyl methacrylate), various methacrylate-
based polymers, and even poly(acetylene) as arm segments.
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Star-branched polymers have been widely studied for a
long time because of synthetic challenges associated with
preparing them and because these polymers offer different
properties and behavior from those of corresponding linear
polymers. Among them, asymmetric star-branched poly-
mers composed of chemically different arm segments, the
so-called mixed arm or miktoarm (from the Greek word
lkjsof meaning mixed) star polymers, abbreviated as l-
star polymers, have receivedmuchattention in recent years.
The addition of star-branched architectures to multiphase
structures tremendously increases the variety of morpho-
logical suprastructures andmolecular assemblies produced
in bulk as well as in selected solvents, which are new, un-
ique, and more importantly, quite different from those pro-
duced by linear block polymers [1–11]. Such nanoscale
ordered materials may possibly play an important role in
fabricating nano devices with many potential applications
in the ﬁelds of nanoscience and nanotechnology. Thus, l-
star polymers are greatly expected to be promising multi-
phase polymeric materials next to block polymers.
In order to synthesize well-deﬁned l-star polymers
which are necessary to elucidate morphological behavior,
the use of living polymerization systems is essential. For
such synthetic purposes, living anionic polymerization is
the most preferred system in comparison with other liv-
ing/controlled polymerization systems from the following
viewpoints [12–15]: First, molecular weights can be pre-
cisely controlled in a wide range from 103 to even 106 g/
mol. Second, extremely narrow molecular weight distribu-
tions are realized, Mw/Mn values being 1.05 or even
smaller. Finally, living chain-end anions are highly reactive,
but stable under appropriate conditions. In particular, theﬁ-
nal viewpoint is important for the synthesis of multiarmed
l-star polymers, in which many linking reactions to intro-
ducearmsegmentsare required. For suchreasons,weherein
focus on the precise synthesis of multiarmed l-star poly-
mers by means of living anionic polymerization system.
As is known, it is far more difﬁcult to synthesize l-star
polymers than regular stars having identical arms because
the synthesis always requires selective multistep reactions
that correspond to the number of different arms to be intro-
duced, and isolation of intermediate polymers is often
needed to obtain pure products. The developedmethodolo-
gies so far based on living anionic polymerization can cover
the synthesis of a two-component AxBy type and several 3-
arm ABC l-star polymers, but synthetic variation of l-star
polymers with more arms and components is quite limited
[16,17].
The synthetic difﬁculty was undoubtedly attributed to
the fact that there was no methodology, which allows for
continued synthesis of l-star polymers to further introduce
arm segments because the reaction site(s) always disappearafter the introductionof armsegments. In order toovercome
this difﬁculty,wehave beendeveloping a general and versa-
tile methodology since 2001, which is based on a new con-
ceptual ‘‘iterative approach’’. In this methodology, the
reaction system is designed in such a way that the same
reaction site is always regenerated after the introduction
of an arm segment in each reaction sequence, and this
‘‘arm introduction and regeneration of the same reaction
site’’ sequence is repeatable. If this system well works, arm
segments can be successively and, in principle, limitlessly
introduced by repeating the reaction sequence to afford a
series of multiarmed l-star polymers.
In this article, we would like to introduce a quite novel
methodology based on the ‘‘iterative approach’’ so far
developed by us and show the effectiveness, versatility,
and generality of the methodology in terms of the synthe-
sis of multiarmed l-star polymers with well-deﬁned struc-
tures [18–24]. Since the living anionic polymerization
system is herein used throughout the synthesis of such
l-star polymers because of the above-mentioned advanta-
ges, descriptions of l-star polymers recently synthesized
by living/controlled radical polymerization and other liv-
ing polymerization systems are beyond the scope of this
article and have been covered elsewhere.
2. General methodologies developed for the synthesis of
l-star polymers
Hadjichristidis and his coworkers reported an effective
synthetic methodology for various l-star polymers by
exquisitely utilizing the different reactivity of a living
anionic polymer toward each silyl chloride reaction site
in multifunctional chlorosilane compounds. Scheme 1
shows the ﬁrst successful synthesis of a 3-arm ABC l-star
polymer composed of polystyrene (PS), polyisoprene (PI),
and poly(1,3-butadiene) (PB) arms [25]. The reactivity of
living anionic polymers used for such arm segments ap-
pears to be in the order of the charge localization on the
terminal carbon and in the opposite order of the steric hin-
drance, i.e., poly(1,3-butadienyl)lithium (PBLi) > poly(iso-
prenyl)lithium (PILi) > poly(styryl)lithium (PSLi). The
synthesis was started by reacting PILi with a large excess
of MeSiCl3 to prepare a chain-end-SiCl2-functionalized PI.
After evaporation of excess MeSiCl3, the resulting polymer
was reacted with the least reactive PSLi in a titration man-
ner, resulting in the formation of an in-chain-SiCl-func-
tionalized PI-b-PS. Finally, the objective ABC l-star
polymer was obtained by the reaction of this silyl chlo-
ride-functionalized block copolymer with the most reac-
tive PBLi. Similarly, a 4-arm ABCD l-star polymer was
synthesized by the same methodology with four different
living anionic polymers in the following sequential addi-
tion order: PSLi, poly(4-methylstyryl)lithium, PILi, fol-
lowed by PBLi [26]. Furthermore, various l-star polymers
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Scheme 1. Silyl chloride method for the synthesis of 3-arm ABC l-star polymer.
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Scheme 2. DPE method for the synthesis of 3-arm ABC l-star polymer.
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4-arm AB3 [27,28], 4-arm A2B2 [26,29], 6-arm AB5 [30,31],
and 16-arm A8B8 [32] stars, where the A and B arms corre-
sponded to PS, PI, or PB segments. Hadjichristidis and his
coworkers also synthesized a different 3-arm ABC l-star
polymer by slightly modifying the synthetic procedure
[3]. The in-chain-SiCl-functionalized PS-b-PI prepared
above was reacted with Li(CPh2CH2CH2CPh2)Li to change
the reaction site from the silyl chloride to the 1,1-diph-
enylalkyllithium, followed by the living anionic polymeri-
zation of MMA to introduce the PMMA as a C arm
segment. Thus, the PMMA segment could be successfully
introduced into the 3-arm ABC l-star polymer for the ﬁrst
time in this methodology.
Fujimoto and his coworkers reported another important
methodology for the synthesis of 3-arm ABC l-star poly-
mers [33]. As illustrated in Scheme 2, a nonpolymerizable
1,1-diphenylethylene (DPE) function is used as the linking
point in the methodology. The synthesis involved the
introduction of the DPE function into the chain-end of
poly(dimethylsiloxane) (PDMS), the subsequent 1:1
addition reaction of PSLi with the chain-end-DPE-function-
alized PDMS, and the living anionic polymerization of
tert-butyl methacrylate (tBMA) with the produced DPE an-
ion by the 1:1 addition reaction. Thus, two different arms
could be introduced by the 1:1 addition reaction and poly-
merization via the DPE functionality. This methodology
was greatly extended by several research groups to
synthesize a variety of 3-arm ABC [5,34–36], 4-arm A2B2
[37,38], 4-arm ABCD [39,40], and 5-arm A2B2C [41] l-star
polymers. Living polymers of styrene, 1,3-butadiene, iso-prene, 2-vinylpyridine (2VP), MMA, cyclic dimethylsilox-
ane (D6), ethylene oxide, and e-caprolactone were used as
arm segments. Interestingly, Faust and his coworkers ap-
plied the living cationic polymerization system to this
methodology to successfully synthesize a 4-arm A2B2 star
polymer composed of poly(isobutylene) and poly(methyl
vinyl ether) arms [42].
Hillmyer and his coworkers developed a methodology
utilizing the dual functionality of the ethylene oxide (EO)
derivative in order to synthesize amphiphilic 3-arm ABC
l-star polymers [43,44]. As illustrated in Scheme 3, the
synthesis is started by reacting PBLi with 2-methoxymeth-
oxyoxirane to prepare a chain-end-(OH and OCH2OCH3)-
functionalized PB. After catalytic hydrogenation of the PB
chain to give the poly(ethyl ethylene) (PEE), the terminal
hydroxyl group was converted to a potassium alkoxide, fol-
lowed by ring opening polymerization of EO, yielding an
in-chain-OH-functionalized PEE-b-PEO after deprotection
of the acetal group. A 3-arm ABC l-star polymer was ob-
tained by a coupling reaction of the hydroxyl-functional-
ized block copolymer with acyl chloride-end-capped
poly(perﬂuoropropylene oxide). Another 3-arm ABC star
was synthesized by using the same hydroxyl-functional-
ized block copolymer as a macroinitiator in the anionic
polymerization of c-methyl-e-caprolactone (see also
Scheme 3).
Hirao and his coworkers prepared a variety of new
in-chain- and chain-end-functionalized polymers with a
plural number of benzyl bromide (BnBr) moieties by the
reaction of living anionic polymers with tert-butyldimeth-
ylsilyl-protected benzyl alcohol derivatives, followed by
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with Me3SiCl/LiBr. Representative examples are shown in
Fig. 1. All of the chain-(BnBr)n-functionalized polymers
shown herein were readily reacted with living anionic
polymers to afford various well-deﬁned l-star polymers
with 4 to 14 arms, including 5-arm AB4, 6-arm A2B4,
9-arm AB8, 10-arm A2B8, 14-arm A2B12, 4-arm ABC2, and
6-arm ABC4 stars [45–49]. PSLi, poly(a-methylstyryl)lith-
ium (PaMSLi), and PILi were used to introduce A, B, and C
arm segments.
Most of the l-star polymers synthesized by these meth-
odologies are well-deﬁned in star-branched architecture
and precisely controlled and narrowly distributed (Mw/
Mn < 1.1) in arm segment. At the present time, however,
any multiarmed l-star polymer having ﬁve or more differ-
ent arms has not been synthesized yet by general method-
ologies, except for several examples synthesized by the
iterative methodology described in the next section.3. Iterative methodology for the synthesis of
multiarmed l-star polymers
Although versatility of the methodologies introduced in
section 2 can be evidenced by the variation of synthesized
l-star polymers, they are not well-established for the gen-
eral synthesis of multiarmed l-star polymers. In these
methodologies, the reaction site(s) always disappears after
the introduction of arm segment(s) at the ﬁnal synthetic
stages. Therefore, arm segments can no longer be intro-
duced to increase the number of arms.
In order to synthesize multiarmed l-star polymers, we
have proposed a general and versatile methodology, which
is based on a new conceptual ‘‘iterative’’ approach. As men-
tioned in the introduction, the reaction system in this iter-
ative methodology is designed in a way that the same
reaction site is regenerated after the introduction of an
arm segment in each reaction sequence and this sequence
ADPE
1st Iteration
= A
a
= B
b
Br 3
1
3
= A
2nd Iteration
B
a
B 1 A
AB Diblock
3rd Iteration
C
a
B 1
3-Arm ABC
A
4th Iteration
D
a
B 1 A
4-Arm ABCD
5th Iteration
E
a
B 1 A
5-Arm ABCDE
b
b
b
b
A = B =
Scheme 4. Successive synthesis of 3-arm ABC, 4-arm ABCD, and 5-arm ABCDE l-star polymers by the iterative methodology using 1.
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polymers can be successively and, in principle, limitlessly
synthesized only by repeating the reaction sequence.
3.1. Iterative methodology using DPE function as a reaction
site
3.1.1. 1-(4-(3-Bromopropyl)phenyl)-1-phenylethylene
The ﬁrst successful example was an iterative methodol-
ogy using a DPE function as the reaction site in each reac-
tion sequence [50]. The synthetic outline is illustrated in
Scheme 4. In this methodology, the DPE function is capable
of not only reacting with a living anionic polymer to link
the polymer chain (arm introduction step), but also of
offering a reaction point for the regeneration of the same
DPE function (regeneration step of the reaction site). Thereaction system involves only two reaction steps in each
reaction sequence. The ﬁrst reaction step is the arm intro-
duction by a 1:1 addition reaction between a living anionic
polymer and the DPE reaction site incorporated into the
polymer. The second step is a regeneration of the same
DPE reaction site by reacting a specially designed DPE-
functionalized agent, 1-(4-(3-bromopropyl)phenyl)-1-phe-
nylethylene (1), with the DPE anion produced by the addi-
tion reaction. The reaction sequence involving such two
reaction steps is repeated several times to successively
synthesize a series of l-star polymers. In this methodol-
ogy, the star polymer synthesized in the preceding process
always corresponds to the starting polymer of the next
process.
The synthesis was started from the reaction of a living
polymer (A) with DPE, followed by reacting 1 to introduce
Table 1
l-Star polymers by the iterative methodology using 1.
Type Mw (kg/mol) Mw/Mn Composition (wt%)a
Calcd SLS SEC Calcd 1H NMR
A 10.5 10.7 1.03 100 100
AB diblock 21.3 22.0 1.02 48/52 48/52
3-Arm ABC 32.0 34.4 1.02 32/35/33 31/35/34
4-Arm ABCD 42.8 43.0 1.02 24/29/23/24 23/28/23/26
5-Arm ABCDE 59.3 57.0 1.02 17/21/17/19/26 17/19/18/19/27
a A, B, C, D, and E were PMSiS, PMOS, PMS, PS, and PBMSiOS, respectively.
A
1st Iteration
= A
a
= B
b
Br 3
1
2nd Iteration
B
a
B 1
4-Arm A2B2
3rd Iteration
C
a
B 1
6-Arm A2B2C2
b
b
A = B =
2
A B
33
= A A
B A A
B A A
Scheme 5. Successive synthesis of 4-arm A2B2 and 6-arm A2B2C2 l-star polymers by the iterative methodology using 1 and 2.
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anion produced at the chain-end cannot react with the DPE
moiety of 1 because of the steric hindrance, but selectively
and quantitatively reacts with the 3-bromopropyl moiety
in an SN2 fashion in THF at 78 C. In the second reaction
sequence, a living polymer (B), separately prepared, re-
acted with the DPE function at the ‘‘A’’ chain-end to link
the two polymer chains, followed by reacting the agent,
1, with the DPE anion produced at the linking point to
regenerate the same DPE function to be used as the next
reaction site. Thus, the arm introduction and in situ regen-
eration of the DPE reaction site were accomplished. In the
third reaction sequence, the addition reaction of a living
polymer (C) with the in-chain-DPE-functionalized A-b-B
prepared in the second process, followed by reactingin situ with 1, yielded a core-DPE-functionalized 3-arm
ABC l-star polymer. By repeating the same reaction se-
quence two more times, core-DPE-functionalized 4-arm
ABCD and 5-arm ABCDE l-star polymers were successively
synthesized. Herein, the living polymers used for the A, B,
C, D, and E segments were poly(4-trimethylsilylstyryl)lith-
ium (PMSiSLi), poly(4-methoxystyryl)lithium (PMOSLi),
poly(4-methylstyryl)lithium (PMSLi), PSLi, and poly(4-
tert-butyldimethylsilyloxystyryl)lithium, respectively. The
poly(4-tert-butyldimethylsilyloxystyrene) introduced as
the E segment is readily convertible to poly(4-
vinylphenol).
The arm introduction by the addition reaction and
regeneration of the DPE reaction site in each reaction se-
quence were observed to be virtually quantitative in THF
Table 2
l-Star polymers by the iterative methodology using 2 and 3 in addition to
1.
Type Mw (kg/mol) Mw/Mn Composition (wt%)a
Calcd SLS SEC Calcd 1H NMR
4-Arm A2B2a 41.1 41.8 1.02 55/45 54/46
6-Arm A2B2C2a 61.7 62.4 1.02 37/30/33 38/30/32
6-Arm A2B2C2b 34.8 31.8 1.06 32/30/38 31/30/39
6-Arm A3B3c 67.8 66.7 1.03 50/50 52/48
9-Arm A3B3C3c 97.0 57.0 1.02 34/35/31 35/34/31
9-Arm A3B3C3d 101 103 1.04 nd nd
9-Arm A3B3C3e 98.3 97.2 1.03 34/35/31 33/35/32
a A, B, and C were PS, PaMS, and PMOS, respectively.
b A, B, and C were PI, PaMS, and PS, respectively.
c A, B, and C were PS, PMOS, and PMSiS, respectively.
d A, B, and C were PS, PMOS, and PI, respectively.
e A, B, and C were PS, PMOS, and PBMSiOS, respectively.
A
1st Iteration
a
2nd Iteration
B
a
B
3rd Iteration
C
a
A = B =
2
4th Iteration
a b
15-Arm AB2C4D8
A
16
5th Iter
a
B 8
Scheme 6. Successive synthesis of 3-arm AB2, 7-arm AB2C4, 15-arm AB2C4D8, and
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arm ABC, 4-arm ABCD, and 5-arm ABCDE l-star polymers
were synthesized in ca. 100% yields. These star polymers
possessed narrow molecular weight distributions (Mw/
Mn < 1.05) and predictable molecular weights from the ra-
tios of [monomer] to [initiator], as listed in Table 1. Thus,
the iterative methodology herein proposed satisfactorily
works as designed. Since the DPE reaction site is present
at the core of the ﬁnal 5-arm ABCDE star polymer, the iter-
ative process can continue to afford l-star polymers with
more arms.
3.1.2. 1,3-Bis(1-phenylethenyl)benzene and 1,1-bis(3-(1-
phenylethenyl)phenyl)ethylene
The number of arms introduced into the l-star polymer
by the above-mentioned methodology is one in eachb
4
4
3-Arm AB2
4
7-Arm AB2C4
b
b
3
Br
O
O 3
3O
O 3
A 2=
A
4
A 8
ation
b A32
31-Arm AB2C4D8E16
31-arm AB2C4D8E16 l-star polymers by the iterative methodology using 4.
Table 3
l-Star polymers by the iterative methodology using 4.
Type Mw (kg/mol) Mw/Mn Composition (wt%)a
Calcd SLS SEC Calcd 1H NMR
3-Arm AB2 32.1 35.7 1.02 36/64 36/64
7-Arm AB2C4 77.0 79.2 1.02 16/28/56 17/27/56
15-Arm AB2C4D8 162 172 1.02 8/12/27/53 8/10/30/52
31-Arm AB2C4D8E16 339 363 1.02 4/6/13/27/50 4/7/15/28/46
a A, B, C, D, and E were PS, PaMS, PMS, PMOS, and PMSiS, respectively.
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was needed to introduce ﬁve arm segments. With the use
of 1,3-bis(1-phenylethenyl)benzene (2) involving two DPE
functions as a core agent together with 1 in the iterative
methodology, the arm number increased by two in each
reaction sequence, as illustrated in Scheme 5 [51]. Two
equivalents of living polymer (A) reacted with 2 to link
two ‘‘A’’ chains with the production of two DPE anions at
the linking points. via the two DPE anions, two DPE reaction
sites could be regenerated by reacting with 1. In the second
reaction sequence, two equivalents of living polymer (B) re-
acted with the in-chain-(DPE)2-functionalized A2 polymer
prepared by the ﬁrst process, followed by reacting with 1,
yielding a 4-arm A2B2 l-star polymer core-functionalized
with two DPE reaction sites. One more repetition of the
same reaction sequence using a living polymer (C) gave a
6-arm A2B2C2 l-star core-functionalized with two DPE
reaction sites. Typically, PI, poly(a-methylstyrene) (PaMS),
PS and PS, P(aMS), PMOS segments were used as the A, B,
and C arms. All of the characterization results, as listed in
Table 2, exhibited the resulting polymers to be the expected
and well-deﬁned 6-arm A2B2C2 l-star polymers.
In a similar sense, the use of 1,1-bis(3-(1-phenylethe-
nyl)phenyl)ethylene (3) possessing three DPE functions
enables the number of arm segments to increase by three
in each reaction sequence. A 3-arm A3, a 6-arm A3B3, fol-
lowed by a 9-arm A3B3C3 star were successively obtained
by repeating the reaction sequence three times [52]. Three
different l-star polymers of this series were successfully
synthesized (see also Table 2). The A and B arms were PS
and PMOS and the C segment was PI, PMSiS, or poly(4-
tert-butyldimethylsilyloxystyrene). Thus, it was demon-
strated that both 2 and 3 functioned as the effective core
agents, with which two and three arms were
simultaneously introduced in each process. The introduc-
tion of arm segments and the regeneration of DPE reaction
sites smoothly proceeded together with the use of 1.
3.1.3. 3,5-Bis(3-(4-(1-phenylethenyl)phenyl)propoxy)benzyl
bromide
In order to increase more numbers of arm segments in
each reaction sequence, we designed a new agent, 3,5-
bis(3-(4-(1-phenylethenyl)phenyl)propoxy)benzyl bro-
mide (4), with which two DPE reaction sites can be
introduced via one DPE anion produced by the addition
reaction. As illustrated in Scheme 6, the methodology
using 4 is basically similar to those mentioned above
[53]. The compound, 4, functions ﬁrst as the core agent
and then the agent to introduce two DPE reaction sites.The number of regenerated DPE reaction sites and hence
the number of arm segments to be introduced increase
exponentially in each reaction sequence.
The synthesis was started from the reaction of DPE-
end-capped living polymer (A) with 4 to afford a chain-
end-(DPE)2-functionalized ‘‘A’’. In the second reaction se-
quence, two equivalents of living polymer (B) reacted with
the starting DPE-functionalized ‘‘A’’, followed by reacting 4
with the two produced DPE anions. As a result, a core-func-
tionalized 3-arm AB2 l-star polymer with four DPE reac-
tion sites was obtained. By repeating the same reaction
sequence two more times with the use of living polymers
(C) and (D), core-(DPE)8-functionalized 7-arm AB2C4 and
core-(DPE)16-functionalized 15-arm AB2C4D8 l-star poly-
mers were successively synthesized. Finally, a 31-arm AB2-
C4D8E16 having thirty-two DPE reaction sites at the core
was successfully synthesized by one more repetition of
the reaction sequence. Changing the reaction conditions,
possibly due to the steric hindrance, was needed to quan-
titatively obtain the ﬁnal 31-arm star, indicating the
importance of setting the reaction conditions for the syn-
thesis of multiarmed l-star polymers. Herein, the A, B, C,
D, and E segments were PS, PaMS, PMS, PMOS, and PMSiS,
respectively. The resulting l-star polymers were all shown
to be requisite and well-deﬁned in structure, as summa-
rized in Table 3.
Thus, the iterative methodology using 4 also operates
very effectively for the synthesis of multiarmed l-star
polymers even with the large number of 31-arms. The
number of arms actually increases according to the equa-
tion, f = 2(n+1)  1 (f and n are arm and repetition numbers,
respectively). Thus, increasing the number of arm seg-
ments by fewer repetitions of the reaction sequence is
remarkable. Needless to say, 7-arm AB2C4, 15-arm
AB2C4D8, and 31-arm AB2C4D8E16 l-stars are quite new
in architecture and cannot be synthesized by any other
method.
A modiﬁed methodology with an alternative choice of 1
or 4 in each process was developed to synthesize more
numbers of multiarmed l-star polymers [54]. As illus-
trated in Scheme 7, the methodology is exactly the same
as that using 4, but the only difference is the DPE regener-
ation step, in which either 1 or 4 reacts alternatively with
the DPE anions. With this modiﬁed methodology, the num-
ber of regenerated DPE reaction sites remains unchanged
by the reaction with 1, while it doubles when 4 is reacted.
The synthesis was initiated from the same chain-
end-(DPE)2-functionalized ‘‘A’’. Both 3-arm AB2 stars
core-functionalized with two and four DPE reaction sites
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Scheme 7. Successive synthesis of l-star polymers by a modiﬁed iterative methodology using 1 or 4.
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AB2C2 and two 7-arm AB2C4 stars having two, four, and
eight DPE reaction sites were synthesized in the third pro-
cess. One more repetition with the use of a living polymer
(D) yielded eight l-star polymers as follows: 7-arm AB2C2-
D2 with (DPE)2, 7-arm AB2C2D2 with (DPE)4, 9-arm AB2C2D4
with (DPE)4, 9-arm AB2C2D4 with (DPE)8, 11-arm AB2C4D4
with (DPE)4, 11-arm AB2C4D4 with (DPE)8, 15-arm AB2C4D8
with (DPE)8, and 15-arm AB2C4D8 with (DPE)16 l-star poly-
mers. Furthermore, the following sixteen l-star polymers
were synthesized by the fourth reaction sequence with
the use of a living polymer (E): 9-arm AB2C2D2E2 with
(DPE)2, 9-arm AB2C2D2E2 with (DPE)4, 11-arm AB2C2D2E4
with (DPE)4, 11-arm AB2C2D2E4 with (DPE)8, 13-arm AB2C2
D4E4 with (DPE)4, 13-arm AB2C2D4E4 with (DPE)8, 15-arm
AB2C4D4E4 with (DPE)4, 15-arm AB2C4D4E4 with (DPE)8,
17-arm AB2C2D4E8 with (DPE)8, 17-arm AB2C2D4E8 with
(DPE)16, 19-arm AB2C4D4E8 with (DPE)8, 19-arm AB2C4D4E8
with (DPE)16, 23-arm AB2C4D8E8 with (DPE)8, 23-arm AB2
C4D8E8 with (DPE)16, 31-arm AB2C4D8E16 with (DPE)16,and 31-arm AB2C4D8E16 with (DPE)32 l-star polymers.
The results are listed in Table 4. Since each reaction se-
quence efﬁciently proceeded, the yields of all synthesized
polymers were virtually quantitative. Thus, the alternative
choice of 1 or 4 enables the synthetic range of l-star poly-
mers to be signiﬁcantly broadened.
Similar to the ﬁnal products in every iterative method-
ology, all l-star polymers synthesized by the fourth itera-
tive process possess several DPE reaction sites from two to
even thirty-two in number at the cores and, therefore, it
may be possible to further repeat the reaction sequence
to afford a huge number of multiarmed l-star polymers.
Living polymers of styrene and its derivatives are generally
used as arm segments because they are capable of reacting
with the DPE reaction sites at the cores. Living polymers of
1,3-diene monomers such as isoprene and 1,3-butadiene
with similar reactivities can also be used in the methodol-
ogy. If 1, 2, 3, and 4 are appropriately combined in the iter-
ative methodology, a variety of more complex architectural
l-star polymers can possibly be synthesized.
Table 4
l-Star polymers by the iterative methodology using 1 and 4.
Type Mw (kg/mol) Mw/Mn Composition (wt%)a
Calcd SLS SEC Calcd 1H NMR
3-Arm AB2(2) 33.7 32.6 1.04 31/69 30/70
3-Arm AB2(4) 31.5 35.0 1.02 36/64 38/62
5-Arm AB2C2(2) 54.6 55.9 1.04 19/42/39 21/39/40
5-Arm AB2C2(4) 56.5 58.0 1.02 19/41/40 17/42/41
7-Arm AB2C4(4) 74.4 74.4 1.02 15/27/58 16/26/58
7-Arm AB2C4(8) 75.5 77.6 1.04 16/28/56 17/27/56
7-Arm AB2C2D2(2) 72.3 78.4 1.05 14/32/30/24 20/29/29/22
7-Arm AB2C2D2(4) 73.2 83.1 1.05 14/32/29/25 17/28/29/26
9-Arm AB2C2D4(4) 98.4 100 1.02 10/24/23/43 10/25/23/42
9-Arm AB2C2D4(8) 98.2 106 1.05 11/24/23/42 10/25/22/43
9-Arm AB2C2D4E2(2) 87.5 92.9 1.05 12/26/24/20/18 14/23/25/18/20
11-Arm AB2C4D4(4) 116 119 1.02 10/17/37/36 10/17/37/36
11-Arm AB2C4D4(8) 118 121 1.04 9/17/37/37 10/16/33/41
11-Arm AB2C2D2E4(4) 116 109 1.04 9/20/18/16/37 7/18/18/16/41
13-Arm AB2C2D4E4(4) 136 150 1.05 8/17/17/29/29 6/19/19/28/28
15-Arm AB2C4D8(8) 159 163 1.04 7/9/27/57 6/9/28/57
15-Arm AB2C4D8(16) 159 168 1.02 8/12/27/53 7/10/31/52
15-Arm AB2C4D4E4(4) 158 154 1.04 7/13/27/26/27 7/13/27/26/27
17-Arm AB2C2D4E8(8) 171 178 1.04 6/14/13/24/43 9/15/15/24/37
19-Arm AB2C4D4E8(8) 188 181 1.04 6/11/23/23/37 7/14/25/20/34
23-Arm AB2C4D8E8(8) 243 260 1.04 4/6/18/37/35 3/11/21/33/32
31-Arm AB2C4D8E16(32) 332 356 1.02 4/6/13/27/50 4/7/15/28/46
The numbers in brackets denote those of DPE moieties introduced at the core.
a A, B, C, D, and E were PS, PaMS, PMS, PMOS, and PMSiS, respectively.
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prepared in the iterative methodology
As shown in Scheme 4, an AB diblock copolymer and
various l-star polymers having DPE anions were prepared
as intermediate polymers by linking reaction steps. Each of
these polymer anions can also be used as a macroinitiator
in the living anionic polymerization of an appropriate
monomer to grow one more arm segment from the core.
For example, as shown in Schemes 8 and 4-methylphenyl
vinyl sulfoxide (MPVS) could be polymerized in a living
manner with the AB diblock copolymer anion to quantita-
tively afford a 3-arm ABC l-star polymer [55]. Similarly, 4-
arm ABCD and 5-arm ABCDE stars were obtained by the
polymerization of MPVS with corresponding stars having
DPE anions at the cores.
The resulting three l-star polymers were observed to
be well-deﬁned in structure, as listed in Table 5. A matter
of more interest is that these MPVS segments are able to
quantitatively convert to conductive poly(acetylene) seg-
ments with rigid and rod-like structures simply by thermal
treatment at 150 C for several hours. Thus, combining the
iterative methodology with living anionic polymerization
of the functional monomer enables further synthesis of a
series of functionalized l-star polymers with many poten-
tial applications. Similarly, any monomer that undergoes
living anionic polymerization with a DPE anion can be
used. Possible monomers are as follows: both 2- and 4-
vinylpyridines, alkyl (meth)acrylates substituted with
functional groups, N,N-dialkylacrylamides, and ethylene
oxide, and some cyclic monomers.
Another useful feature of intermediate polymers having
DPE anions is evidenced by the successful synthesis of newl-star polymers by a polymer–polymer coupling reaction,
as illustrated in Scheme 9 [56]. The starting A-b-B diblock
copolymer anion was prepared by the reaction of a living
polymer (B) and a chain-end-DPE-functionalized ‘‘A’’ and
subsequently coupled with 1,1-bis(3-chloromethylphe-
nyl)ethylene (5). As a result, a 4-arm A2B2 l-star polymer
with the DPE function at the core was synthesized in ca.
100% yield. In this star polymer synthesis, the arm intro-
duction and regeneration of the DPE function were
achieved at the same time by the above coupling reaction.
The DPE function of the 4-arm A2B2 l-star polymer was
then converted to the DPE anion by treatment with sec-
BuLi and the resulting star polymer anion was subse-
quently coupled with 5, yielding the expected 8-arm A4B4
star in 60% yield under the same conditions. The yield
was not improved by several attempts. A further repetition
of the same reaction sequence resulted in a 16-arm A8B8 l-
star polymer. The yield of the polymer was signiﬁcantly re-
duced to only 20%.
Since it is thought that low yields in the second and
third coupling reactions are attributed to steric hindrance
around the DPE anions, a modiﬁed methodology is pro-
posed, as illustrated in Scheme 10 [56]. The core DPE func-
tion of the 4-arm A2B2 star was converted to the DPE anion
by treatment with sec-BuLi, followed by reacting 1-(4-(4-
bromobutyl)phenyl)-1-phenylethylene (6) to regenerate
the DPE function, which was separated from the core by
four methylene units to reduce the steric hindrance. The
yield of an 8-arm A4B4 l-star polymer in the next coupling
reaction with 5 was found to be quantitative. Thus, this
modiﬁcation was effective to improve the yield from 60%
to 100%. After the same modiﬁcation, the core-(DPE
anion)-functionalized 8-arm A4B4 l-star polymer was
BB
B
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PMPVS Δ PA
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4-Arm ABCD
5-Arm ABCDAE
Scheme 8. Synthesis of 3-arm ABC, 4-arm ABCD, and 5-arm ABCDE l-star polymers having PMPVS or PA segments.
Table 5
l-Star polymers having one PMPVS segment by the iterative methodology.
Type A B C D E Mw (kg/mol) Mw/Mn
Calcd SLS SEC
ABC PS PaMS PMPVS 31.8 32.7 1.02
ABC PS PMSiS PMPVS 30.7 31.8 1.03
ABC PS PMOS PMPVS 31.8 34.6 1.02
ABC PS PMS PMPVS 31.2 33.5 1.02
ABCD PS PaMS PMOS PMPVS 42.7 44.6 1.02
ABCD PS PaMS PMSiS PMPVS 43.3 43.6 1.03
ABCD PS PaMS PMS PMPVS 43.5 44.9 1.02
ABCDE PS PaMS PMSiS PMOS PMPVS 51.5 53.6 1.03
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The coupling reaction could proceed, but the polymer yield
was reduced to 70%.
We also used a 3-arm ABC l-star polymer with the DPE
function at the core as the starting polymer in the modiﬁed
methodology using a new agent, 1-(4-(5,5-bis(3-bromom-
ethylphenyl)-7-methylnonyl)phenyl-1-phenylethylene (7)
[57]. The coupling reaction with 7 efﬁciently proceededto quantitatively afford a 6-arm A2B2C2 star. Unfortunately,
the steric hindering effect became signiﬁcant in the next
step. Although a 12-arm A4B4C4 l-star was synthesized
in 70% yield, the synthesis of a 24-arm A8B8C8 l-star was
difﬁcult in practice (the yield <10%). A further molecular
design to reduce steric hindrance around the anions should
be considered to improve the polymer yields. However, the
methodology is of great value to obtain some synthetically
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Scheme 9. Successive synthesis of 4-arm A2B2, 8-arm A4B4, and 16-arm A8B8 l-star polymers by the iterative methodology using 5.
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16-arm A8B8, 6-arm A2B2C2, and 12-arm A4B4C4 stars (see
also Table 6). PS, PaMS, and PI were respectively used as
the A, B, and C arm segments.
3.3. Iterative methodology using 1,3-butadiene function as a
reaction site
We previously observed that PSLi quantitatively reacted
with the 1,3-butadiene (Bd) terminus of PS in a 1:1 addi-
tion manner to link the two PS chains in THF at 78 C
with the use of a 2-fold excess of PSLi after 24 h. Rather
surprisingly, neither polymerization nor even oligomeriza-
tion of the Bd terminus occurred under such conditions.
This clearly indicates that the Bd anion produced by the
addition reaction cannot further react with the Bd func-
tion. This reactivity is very similar to that between DPE
and the DPE anion. It was found in a separate model
reaction that the Bd function could be quantitatively
regenerated by the reaction of the Bd anion with 6-bro-
mo-3-methylene-1-hexene (8). Since the linking ability of
the Bd function toward PSLi was already demonstrated as
mentioned above, the Bd function may be utilized as a
new reaction site in the iterative methodology.The synthetic outline of the methodology using 8, as
shown in Scheme 11 [58], is exactly the same in manner
as that of the methodology using 1. Two reaction steps
are involved in the iterative reaction sequence: ﬁrst, a
1:1 addition reaction of a living anionic polymer with a
chain-Bd-functionalized polymer to link the two polymer
chains; second, a regeneration of the Bd reaction site by
reacting 8 with the Bd anion produced by the addition
reaction. In this methodology, a chain-end-Bd-functional-
ized ‘‘A’’ was ﬁrst prepared by the reaction of 8 with a liv-
ing polymer (A) end-capped with DPE and used as the
starting polymer. In the second reaction sequence, a living
polymer (B) reacted with this starting polymer to link the
‘‘B’’ chain to the ‘‘A’’ together with the production of the
Bd anion and 8 was in situ reacted to regenerate the Bd
reaction site. An in-chain-Bd-functionalized A-b-B diblock
copolymer was thus prepared. Since the linking and regen-
eration steps were observed to proceed cleanly and quan-
titatively, the reaction sequence could be repeated four
more times. Thus, 3-arm ABC, 4-arm ABCD, 5-arm ABCDE,
and 6-arm ABCDEF l-stars could be successively synthe-
sized. The expected and well-deﬁned structures of all the
polymers synthesized by this iterative methodology are
conﬁrmed by the characterization results listed in Table 7.
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Scheme 10. Successive synthesis of 4-arm A2B2, 8-arm A4B4, and 16-arm A8B8 l-star polymers by the iterative methodology using 5 and 6.
Table 6
l-Star polymer synthesis by the polymer–polymer coupling reaction
between the intermediate polymer anions.
Type Mw (kg/mol) Mw/Mn Composition (wt%)a
Calcd SLS SEC Calcd 1H NMR
AB diblock 22.1 23.2 1.03 52/48 52/48
4-Arm A2B2 46.6 48.3 1.03 52/48 51/49
8-Arm A4B4 99.0 108 1.04 52/48 52/48
16-Arm A8B8 208 199 1.02 52/48 -
3-Arm ABC 32.6 34.1 1.02 35/32/33 37/32/31
6-Arm A2B2C2 68.4 67.9 1.02 35/32/33 32/33/35
12-Arm A4B4C4 137 137 1.02 35/32/33 35/32/33
a A, B, and C were PS, PaMS, and PMS, respectively.
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reactivity. As shown in Scheme 12, it was readily converted
into two synthetically useful epoxide and anhydride func-
tions in essentially quantitative yields by oxidation with
m-benzoic peracid and the Diels–Alder reaction with
maleinic anhydride [59]. The successful conversion of the
Bd function to other functionalities may allow further ac-
cess to a variety of l-star polymer synthesis.
3.4. Iterative methodology using benzyl bromide as a reaction
site
Scheme 13 shows the synthetic route of the iterative
methodology using benzyl bromide (BnBr) as the reaction
site [60]. As the starting material in the methodology, a
chain-end-BnBr-functionalized ‘‘A’’ was prepared by a 1:1
addition reaction of a living polymer (A) with 1-(3-tert-
butyldimethylsilyloxymethylphenyl)-1-phenylethylene
(9), followed by transformation into the BnBr functionused as the reaction site by treating the 3-tert-butyldim-
ethylsilyloxymethylphenyl (TBSOMP) group with Me3-
SiCl/LiBr. In the second reaction sequence, a living
polymer (B) functionalized with 9 was coupled with the
chain-end-BnBr-functionalized ‘‘A’’ to result in an in-
chain-TBSOMP-functionalized A-b-B diblock copolymer.
The BnBr reaction site was again regenerated by the same
transformation reaction. Thus, the arm introduction and
regeneration of the BnBr reaction site via the TBSOMP
group could be performed.
In the third reaction sequence, a living polymer (C) was
reacted with 9, followed by coupling with the above in-
chain-BnBr-functionalized A-b-B, to afford a 3-arm ABC
l-star core-functionalized with the TBSOMP group con-
vertible to the BnBr reaction site. The same reaction se-
quence using a living polymer (D) was repeated to afford
a 4-arm ABCD l-star polymer. The A, B, C, and D arm seg-
ments were PS, PaMS, PMS, PMMA, respectively. The
resulting polymers are conﬁrmed to be well-deﬁned in
structure, as listed in Table 8. Thus, the iterative
methodology using the BnBr reaction site also satisfacto-
rily works, although a transformation step to regenerate
the BnBr reaction site is needed.
3.5. Iterative methodology using a-phenylacrylate function as
a reaction site
We demonstrated the successful development of the
iterative methodology, by which various multiarmed l-
star polymers with well-deﬁned structures could be syn-
thesized. In the methodology, the DPE, Bd, or BnBr function
was used as the reaction site and was always regenerated
after the arm introduction. However, living polymers
usable in the methodology with the DPE or Bd functions
as the reaction site are rather limited to highly reactive liv-
ing anionic polymers of styrene, 1,3-butadiene, isoprene,
A = B =
A
DPE
1st Iteration
a
= B
b
Br 3
8
3
= A
2nd Iteration
B
a
8 A
AB Diblock
3rd Iteration
C
a
B 8
3-Arm ABC
A
4th Iteration
D
a
8 A
4-Arm ABCD
5th Iteration
E
a
A
5-Arm ABCDE
b
b
b
3
8
b
6th Iteration
F
a
8
b
A
6-Arm ABCDEF
Scheme 11. Successive synthesis of 3-arm ABC, 4-arm ABCD, 5-arm ABCDE, and 6-arm ABCDEF l-star polymers by the iterative methodology using 8.
Table 7
l-Star polymers by the iterative methodology using 8.
Type Mw (kg/mol) Mw/Mn Composition (wt%)a
Calcd SLS SEC Calcd 1H NMR
A 11.2 11.5 1.03 100 100
AB diblock 24.2 25.3 1.04 47/53 49/51
3-Arm ABC 34.8 35.9 1.01 32/36/32 33/34/33
4-Arm ABCD 47.1 47.2 1.01 24/26/24/26 25/27/25/23
5-Arm ABCDE 58.8 58.5 1.02 19/22/19/21/19 20/21/20/21/18
6-Arm ABCDEF 71.8 71.5 1.03 16/18/16/17/16/17 17/18/17/17/15/16
a A, B, C, D, E, and F were PS, PaMS, PMS, PMOS, PMSiS, and poly(4-tert-butyldimethylsiloxystyrene), respectively.
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of the reaction sites. In the methodology with the BnBr
function as the reaction site, the same highly reactive
living polymers are also needed, since the reaction of a liv-
ing anionic polymer with the DPE derivative substituted
with the TBSOMP group is required to regenerate the BnBr
reaction site, as shown in Scheme 13. Thus, eventually, theuse of highly reactive living anionic polymers is essential in
every iterative methodology so far developed. On the other
hand, less reactive, but often-used living anionic polymers
of 2-vinylpyridine and alkyl methacrylate monomers can-
not be used in the iterative methodology, because they
are incapable of reacting with the DPE or Bd function as
reaction site.
OO O
Cl COOOHO O
O
O
O
Scheme 12. Conversion of Bd terminus to two epoxides and anhydride functions.
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Scheme 13. Successive synthesis of 3-arm ABC and 4-arm ABCD l-star polymers by the iterative methodology using 9.
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polymer chains can be introduced only at the ﬁnal stage in
the iterative methodology using the DPE or Bd function as
the reaction site by the living anionic polymerization of
2VP, 4VP, alkyl (meth)acrylates, N,N-dialkylacrylamide,
ethylene oxide, or some cyclic monomers with either the
DPE anion or Bd anion produced by the addition reaction.
Thus, more variation is attained in terms of arm segments
with different chemical structures. However, it should be
mentioned that the reaction sequence is no longer re-
peated at all after the polymerization.Both P2VP and P4VP are attractive functional polymers
because they possess basic functions in each monomer
unit and become water-soluble polymers and polyelectro-
lytes by quaternarization of the pyridine rings with alkyl
halides or acidic reagents. Many living anionic polymers
are currently available from functional methacrylate
monomers. Typical examples are shown in Fig. 2 [14,15].
If such less reactive living anionic polymers can be
employed in the iterative methodology, useful and inter-
esting functionalities can be provided for l-star polymers.
For such reasons, the development of a new iterative
Table 8
l-Star polymers by the iterative methodology using 9.
Type Mw (kg/mol) Mw/Mn Composition (wt%)a
Calcd SLS SEC Calcd 1H NMR
A 10.6 11.2 1.02 100 100
AB diblock 20.2 21.2 1.02 50/50 48/52
3-Arm ABC 32.3 35.7 1.02 32/34/34 34/32/34
4-Arm ABCD 46.7 48.8 1.02 26/24/25/25 27/23/25/25
a A, B, C, and D were PS, PaMS, PMS, PMS, and PMMA, respectively.
Fig. 2. Functional methacrylate monomers capable of undergoing living anionic polymerization.
Table 9
Stabilities of living PMMA, PtBMA, PBnMA, and P(Si-HEMA) in THF.
Living polymer Temperature (C) Time (h) Stability (%)
PMMA 78 10 90
78 20 85
40 2 40
40 5 27
20 2 0
PtBMA 78 20 100
40 5 88
25 2 20
25 5 0
PBnMA 78 20 90
40 2 50
P(Si-HEMA) 78 20 70
40 2 60
2560 S. Ito et al. / European Polymer Journal 49 (2013) 2545–2566methodology, in which living anionic polymers of vinyl-
pyridine and alkyl methacrylate monomers can be used
in any reaction sequence, is strongly demanded.
3.5.1. DPE derivatives substituted with two protected
hydroxyl functionalities
In order to synthesize the l-star polymers requested
above, it is necessary to change the reaction design in a
way that the reaction site is capable of linking with less
reactive living anionic polymers, followed by the regener-
ation of the same reaction site. However, the reactivities
and stabilities of the chain-end enolate anions of methac-
rylate-derived living polymers are problematic in compar-
ison with those of highly reactive living polymers of
styrene, 1,3-butadiene, and isoprene. As shown in Table 9,
living anionic PMMA, poly(benzyl methacrylate) (PBnMA),
and poly(2-tert-butyldimethylsilyloxyethyl methacrylate)
(P(Si-HEMA)) are not stable after 20 h even at 78 C
[61]. Their stabilities were further reduced by raising the
temperature to 40 C or higher temperatures and more
than 50% of the original anions were deactivated after sev-
eral hours. Living PtBMA was observed to be more stable
than others and completely stable after 24 h at 78 C.
However, it became unstable at elevated temperatures
and considerably deactivated at 40 C and 25 C even
after a few hours. Such stabilities should be carefully con-
sidered in the linking reaction step.
Both living PMMA and PtBMA are much less reactive to-
ward general electrophiles than living PS, PB, and PI. For
example, it was observed by our model reactions that these
living polymers could not react with or react only to someextent with alkyl chloride, alkyl bromide, benzyl chloride,
epoxide, and formyl functions. On the other hand, they
quantitatively reacted with the BnBr function at 78 C
within a few hours. Moreover, living PMMA quantitatively
underwent a 1:1 addition reaction with the a-phenylacry-
late (PA) function at 40 C, while the quantitative conver-
sion was achieved under conditions at 25 C in the
reaction with living PtBMA. Thus, both the BnBr and PA
functions are expectantly used as suitable reaction sites
for living PMMA, PtBMA, and possibly other poly(alkyl
methacrylate)s. However, we found that the BnBr function
Scheme 14. Successive synthesis of 3-arm ABC, 4-arm ABCD, and 5-arm ABCDE l-star polymers by the iterative methodology using 10.
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quired rather strong acidic conditions, under which the fol-
lowing polymers were not stable: P2VP, PtBMA, and many
methacrylate-based polymers with functional groups, such
as protected hydroxyl functionalities, tert-amines, ethers,
epoxides, alkoxysilanes, ferrocene etc. For these reasons,
we will introduce a new iterative methodology using a
PA reaction site [61].
The synthetic outline is illustrated in Scheme 14. In this
methodology, a disubstituted DPE derivative, 1-(3-tert-
butyldimethylsilyloxymethylphenyl)-1-(3-trimethylsilyl-
oxymethylphenyl)ethylene (10), is a key agent for both the
arm introduction and regeneration of the reaction site in
the reaction sequence. At ﬁrst, 10 was reacted with
oligo(a-methylstyryl)lithium to convert it to the corre-
sponding DPE anion, followed by the living anionic
polymerization of an appropriate methacrylate monomer,
to afford a chain-end-functionalized ‘‘A’’ with trimethyl-
silyl (TMS) and tert-butyldimethylsilyl (TBS) ethers of
protected hydroxyl functionalities [62]. Then, the TMS
ether was selectively deprotected by treatment with
K2CO3 in methanol, while the TBS ether remained
completely intact under such conditions. The hydroxyl
group reproduced was quantitatively converted to the ﬁrstPA reaction site by the Mitsunobu esteriﬁcation reaction
with a-phenylacrylic acid. The resulting chain-end-(PA
and TBS ether)-functionalized ‘‘A’’ was used as the starting
polymer in the ﬁrst reaction sequence. This polymer was
reacted with another living poly(alkyl methacrylate) (B)
in a 1:1 addition manner to link the two polymer chains,
yielding an in-chain-(TBS ether)-functionalized A-b-B
diblock copolymer. A 3-fold excess of the living polymer
toward the PA reaction site was needed to complete the
reaction in THF at 40 C for 20 h. Under such conditions,
neither polymerization nor oligomerization of the PA func-
tion occurred at all. Next, the TBS ether was deprotected
with Bu4NF, followed by esteriﬁcation to convert it to the
second PA reaction site. An equal amount of phenol was
added to suppress the unwanted cleavage of the benzyl
ester formed by the Mitsunobu esteriﬁcation reaction.
The DPE anion, separately prepared from 10 and
oligo(a-methylstyryl)lithium in the same manner, was
reacted with the PA reaction site to re-introduce both the
TMS and TBS ethers. Since the two silyl ethers convertible
to the two PA reaction sites are exactly the same as those
introduced in the starting ‘‘A’’ segment, it may be possible
to repeat the same reaction sequence in the second
process.
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conversion to the ﬁrst PA reaction site, and the addition
reaction with a living poly(alkyl methacrylate) (C), yielded
a 3-arm ABC l-star polymer core-functionalized with TBS
ether in ca. 100% yield. The second PA reaction site was
regenerated by deprotection of the TBS function and the
subsequent Mitsunobu reaction. Again, two silyl ethers
were re-introduced by the reaction of the PA reaction site
with the DPE anion. Since all of the reactions were virtually
quantitative, the same reaction sequence was repeated
two more times to successively synthesize 4-arm ABCD
and 5-arm ABCDE l-star polymers. The yields of the poly-
mers were quantitative.
The characterization results listed in Table 10 clearly
conﬁrmed that all synthesized polymers possess
well-deﬁned and expected structures. Thus, the proposed
methodology with the PA reaction site works effectively
as designed. The A, B, C, D, and E arms corresponded to
PMMA, poly(ethyl methacrylate) (PEMA), PtBMA, PBnMA,
and poly(2-methoxyethyl methacrylate) (PMOEA),
respectively. The 3-arm ABC, 4-arm ABCD, and 5-arm
ABCDE polymers are quite new and the ﬁrst successful
synthesized l-star polymers composed of all different
methacrylate-based arm segments. In this methodology,
the ﬁrst PA reaction site regenerated from TMS ether was
used for the arm segment introduction. On the other hand,
the second PA reaction site was regenerated from TBS
ether and two silyl ethers were re-introduced via this PA
reaction site. These ethers were employed in order to
sequentially regenerate the two PA reaction sites in the
next process.
Since the PA reaction site is capable of reacting not
only with living poly(alkyl methacrylate)s, but also with
living P2VP as well as highly reactive living polymers of
styrene, 1,3-dinenes, and their derivatives, the introduc-
tion of P2VP, PS, PS derivatives is possible by reacting
the corresponding living polymers with the PA reaction
site. In practice, several 3-arm ABC, 4-arm ABCD l-star
polymers and one more 5-arm ABCDE l-star composed
of PS, PMMA, PtBMA, PMS, and PBnMA were successfully
synthesized (see also Table 10). Since the ﬁnal 5-arm stars
still possess the TBS ether convertible to the PA reaction
site, it may be possible to continue the same reaction
sequence.Table 10
l-Star polymers by the iterative methodology using 10.
Type Mn (kg/mol) M
Calcd RALLS S
Aa 11.8 13.2 1
AB diblocka 23.6 23.1 1
3-Arm ABCa 32.2 33.8 1
4-Arm ABCDa 43.4 43.0 1
5-Arm ABCDEa 52.0 51.5 1
AB diblockb 22.5 23.6 1
3-Arm ABCb 30.7 31.0 1
4-Arm ABCDb 39.3 41.2 1
5-Arm ABCDEb 51.7 52.7 1
a A, B, C, D, and E were PMMA, PEMA, PtBMA, PBnMA, and PMOEMA, respecti
b A, B, C, D, and E were PS, PMMA, PtBMA, PMS, and PBnMA, respectively.Very recently, we have developed a similar, but new
modiﬁed iterative methodology, which is more efﬁcient
in synthetic process than the above-mentioned methodol-
ogy [63]. The synthetic route is illustrated in Scheme 15.
The superiority of the new methodology is that the intro-
duced arm segment in each process increases from one
to two in number and, thereby, multiarmed l-star poly-
mers may be synthesized by fewer processes.
As can be seen, the starting polymer is a chain-end-(TMS,
TBS, and THP ethers)-functionalized ‘‘A’’. This functional-
ized polymer was prepared by the living anionic polymeri-
zation of an appropriate methacrylate monomer with a
substituted DPE anion having three different protected hy-
droxyl functionalities, obtained from a new DPE derivative,
1-((3-(2-terahydro-2H-pyranyloxy)methyl)phenyl)-1-(3-
trimethylsilyloxymethylphenyl)ethylene (11) and 3-tert-
butyldimethylsilyloxy-1-propyllithium (TBSPLi). The ﬁrst
PA reaction site was obtained by selective deprotection of
the TMS ether with K2CO3 in methanol and subsequent
esteriﬁcationwith a-phenylacrylic acid. Then, a living poly-
mer (B) reacted with the PA function to result in an in-
chain-(TBS and THP ethers)-functionalized A-b-B block
copolymer. Next, the TBS ether was deprotected by treat-
ment with a 1:1 mixture of Bu4NF and phenol, followed
by conversion of the reproduced hydroxyl group to the sec-
ond PA reaction site in a manner similar to that mentioned
above. A 3-arm ABC l-star polymer core-functionalized
with THP ether was synthesized by reacting a living poly-
mer (C) with the resulting in-chain-(PA and THP)-function-
alized A-b-B diblock copolymer. Finally, the THP ether was
deprotected with a few drops of HCl and the reproduced
hydroxyl group was converted to the third PA reaction site.
The same trifunctional DPE anion prepared from 11 and
TBSPLi was reacted with the resulting core-PA-functional-
ized 3-arm ABC star to re-introduce the three protected
hydroxyl functionalities of the TMS, TBS, and THP ethers.
Since all these reactions proceeded efﬁciently and quantita-
tively, the same reaction sequence could be repeated by
using different living polymers.
A 5-arm ABCDE l-star polymer, followed by a 7-arm
ABCDEFG l-star polymer, was successively synthesized
by a repetition of the same reaction sequence two more
times. In these stars, poly(cyclohexyl methacrylate)
(PCHMA), PS, PMOS, PMS, PMMA, PEMA, and PMOEMAw/Mn Composition (wt%)a,b
EC Calcd 1H NMR
.03 100 100
.03 55/45 54/46
.03 38/31/31 37/32/31
.03 30/25/22/23 30/26/20/24
.03 24/21/18/19/18 26/20/16/20/18
.05 48/52 49/51
.02 35/38/27 35/36/29
.03 28/30/22/20 26/29/23/22
.04 21/23/17/17/22 21/24/16/17/22
vely.
Scheme 15. Successive synthesis of 3-arm ABC, 4-arm ABCD, 5-arm ABCDE, 6-arm ABCDEF, and 7-arm ABCDEFG l-star polymers by the iterative
methodology using 10.
Table 11
l-Star polymers by the iterative methodology using 11 and TBSPLi.
Type Mn (kg/mol) Mw/Mn Composition (wt%)a
Calcd RALLS SEC Calcd 1H NMR
A 8.95 11.2 1.05 100 100
AB diblock 23.1 22.6 1.03 47/53 48/52
3-Arm ABC 35.0 34.9 1.03 30/35/35 31/35/34
4-Arm ABCD 45.9 47.1 1.03 23/26/27/25 24/25/27/24
5-Arm ABCDE 56.6 53.5 1.04 20/21/22/20/17 20/23/21/20/16
6-Arm ABCDEF 62.8 64.9 1.05 17/18/19/17/15/14 18/20/18/17/13/14
7-Arm ABCDEFG 73.8 74.2 1.04 14/16/17/15/13/13/12 16/17/16/14/12/12/13
a A, B, C, D, E, F, and G were PCHMA, PS, PMOS, PMS, PMMA, PEMA, and PMOEMA, respectively.
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both highly reactive as well as less reactive living anionic
polymers derived from styrene and alkyl methacrylate
derivatives were usable in the methodology, as expected.
The successful synthesis is conﬁrmed by the characteriza-
tion results summarized in Table 11, demonstrating that
the new modiﬁed methodology also works very satisfacto-
rily. More importantly, the present system allows synthe-
sis of even a 7-arm ABCDEFG l-star polymer by
repeating the process only three times. In the three PA
reaction sites sequentially obtained from the TMS, TBS,
and THP ethers, the ﬁrst and second sites were used for
the introduction of two different arms and the third one
was employed to re-introduce the three silyl ethers leading
to the three PA reaction sites in the next process.
3.5.2. 1-(3-(1,3-Dioxolan-2-yl)phenyl)-1-phenylethylene
As the secondmethodology developed for the same syn-
thetic purpose, a new iterative methodology using
1-(3-(1,3-dioxolan-2-yl)phenyl)-1-phenylethylene (12), asubstituted DPE derivativewith a dioxolane (DOL) function,
often employed as a protected formyl functionality, was
proposed [64]. The synthetic outline is illustrated in
Scheme 16. A chain-end-formyl-functionalized polymer
(A), used as the starting polymer, was prepared by the liv-
ing anionic polymerization of a methacrylate monomer
with a functionalized DPE anion from 12 and sec-BuLi, fol-
lowed by mild acidic treatment to reproduce a formyl
group. In the ﬁrst reaction sequence, the above same func-
tionalized DPE anion was reacted with a chain-end-formyl-
functionalized ‘‘A’’ to produce a hydroxyl group and re-
introduce the DOL function at the same time. After conver-
sion of the hydroxyl group to the PA reaction site, a living
polymer (B) was reacted to link the two polymer chains.
An in-chain-DOL-functionalized A-b-B diblock copolymer
was thus obtained. The formyl group was reproduced from
the DOL function by mild acidic treatment. Similar to
the above-mentioned methodology using 10, the key to
the presentmethodology is the reaction of the formyl group
with the functionalized DPE anion to produce the hydroxyl
12
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Scheme 16. Successive synthesis of 3-arm ABC, 4-arm ABCD, and 5-arm ABCDE l-star polymers by the iterative methodology using 12.
Table 12
l-Star polymers by the iterative methodology using 12.
Type Mn (kg/mol) Mw/Mn Composition (wt%)a
Calcd RALLS SEC Calcd 1H NMR
A 13.3 13.3 1.03 100 100
AB diblock 23.4 22.8 1.07 58/42 61/39
3-Arm ABC 32.4 32.1 1.03 40/29/31 41/30/29
4-Arm ABCD 40.3 39.4 1.04 33/24/23/20 33/24/24/19
5-Arm ABCDE 52.2 50.6 1.05 26/18/18/14/24 26/19/18/15/22
a A, B, C, D, and E were PMMA, PBnMA, poly(allyl methacrylate), poly(6-(4-(4-cyanophenyl)phenoxy)hexyl methacrylate), and P(Si-HEMA), respectively.
2564 S. Ito et al. / European Polymer Journal 49 (2013) 2545–2566group and re-introduce the DOL function. The hydroxyl
group is converted to the PA reaction site for the arm intro-
duction, while the DOL function is used for access to the
next process to continue the synthesis. Accordingly, these
two functionalities exactly correspond to the TMS and
TBS ethers, as mentioned above. Overall, the present meth-
odology is conceptually similar to the methodology using
10, although the synthetic design and mechanism are
different.
As the arm introduction and the reaction of the formyl
group with the functionalized DPE anion proceeded essen-tially quantitatively, the same reaction sequence was
repeated three more times to successively synthesize 3-
arm ABC, 4-arm ABCD, and 5-arm ABCDEl-star polymers
with well-deﬁned structures (see Table 12). The ﬁve arms
were composed of all different methacrylate-based poly-
mers of PMMA, PBnMA, poly(allyl methacrylate),
poly(6-(4-(4-cyanophenyl)phenoxy)hexyl methacrylate),
and P(Si-HEMA) convertible to PHEMA. As the PA reaction
site was used for the arm introduction in this methodol-
ogy, PS, PI, and P2VP could also be introduced without
problem.
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Throughout this article, we demonstrated the effective-
ness, versatility, and generality of a novel methodology
based on the ‘‘iterative approach’’ in the synthesis of vari-
ous multiarmed l-star polymers with well-deﬁned struc-
tures. In comparison with general methodologies so far
developed, every iterative methodology herein developed
comprises a repeatable characteristic reaction sequence
involving arm introduction and regeneration of the same
reaction site, by which the arm segment can be succes-
sively and, in principle, limitlessly introduced into l-star
polymers. In practice, with the iterative methodology, we
successfully synthesized a wide variety of multiarmed l-
star polymers with almost all star-branched architectures,
which have not been so far synthesized by any other meth-
od. Living anionic polymers with different reactivities from
highly reactive living PS derivatives to less reactive PMMA
derivatives are usable by changing the molecular design of
the reaction site from DPE, Bd, or BnBr to the PA function.
The resulting l-star polymers are all well-deﬁned in star-
branched architecture and precisely controlled in arm seg-
ment because an ‘‘arm-ﬁrst’’ termination method by
means of living anionic polymerization is always employed
in the synthesis.
All of the l-star polymers are expected to exhibit new
and unique morphologies in bulk as well as in selected
solvents. However, morphological studies of l-star poly-
mers even with four different arms are very complicated,
and it is usually difﬁcult to obtain clearly deﬁned nano-size
domains. A more improved analytical technique is a matter
of urgency at the present time. In addition to the synthesis
of multiarmed l-star polymers with well-deﬁned struc-
tures, our future interest in this area is to synthesize char-
acteristic l-star polymers composed of helical and/or rigid
rod-like arm segments by extending the iterative method-
ology to living anionic polymerization systems of a-amino
acid N-anhydrides, alkyl isocyanates, 1,3-cyclohexadiene,
and phenyl vinyl sulfoxide.
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